Results of an investigation of large area mercuric iodide (HgI2) photodetectors are reported. Different entrance contacts were studied, including semitransparent metallic films and conductive liquids. Theoretical calculations of electronic noise of these photodetectors were compared with experimental results. HgI2 photodetectors with active area up to 4 cm2 were matched with NaI(TQ) and CsI(TZ) scintillation crystals and were evaluated as gamma-radiation spectrometers. Energy resolution of 9.3% for gamma radiation of 511 keV with a CsI(TQ) scintillator and energy resolution of 9.0% for gamma radiation of 622 keV with a NaI(TQ) scintillator have been obtained.
Introduction
Over the last twenty years, attempts have been made to develop combined scintillator and solid-state photodetector (PD) devices for the detection of individual pulses from gamma radiation.1-6 At the present time, silicon PD's up to 1 cm2 are commercially available but their electronic noise, due to capacitance and dark leakage current, restricts their applications to detection of very high energy gamma radiation in space and high energy physics fields.7
Very recently, a novel device for detecting ionizing radiation,which consists of an ultra-low-noise HgI2 PD coupled to a scintillator crystal, has been presented.8-11 HgI2 PD's of active area about 30 mm2
were optically coupled to the scintillating crystals BGO and CsI(TQ). Spectra of 137Cs gamma rays, 68Ga positron annihilation gamma rays, and 24 'Am gamma rays have been reported. These Figure 3 . The data show that liquid (salt water) contacts provide the best energy resolution of gamma scintillation spectra with HgI2 PD's, as the photodetectors used in the measurements were very similar except for contacts. direct optical coupling to an NaI(TQ) scintillating crystal of 0.5-inch diameter and 3-inch thickness. In Figure 4 , the spectrum obtained with a 1-cm-thick PD, the photopeak resolution is approximately 10.7% and the peak-to-valley ratio is 15:1. Photodetector thickness was 570 pm for the Figure 5 spectrum, and the photopeak resolution is 15.4%. It appears that large capacitance of the thinner detector causes the degradation inenergy resolution. Note also that the active area of the detectors was greater than the area ofthe scintillating crystal, which only partially covered the detector. Figure 6 is another spectrum using a PD of active area 1. Figure 1 The response of HgI2 to x-rays provided an approach to determine the number of electron-hole pairs generated in the PD by scintillation light.9 Measurements of the number of photons produced in the scintillators and consequently counted by photodetector were made by comparing the peak position obtained with a scintillator subjected to gamma rays to the peak position of an x-ray of known energy incident directly on the HgI2 PD. For HgI2, W =4.2 eV (mean energy to create an electron-hole pair), thus the 5.9-keV x-ray of 55Fe creates about 1400 electron-hole pairs in HgI2. Using this approach, it was found that 8430 electronhole pairs were generated in the PD in response to scintillation light from a 68 Ga 511-keV annihilation photon interaction with NaI(TZ) (Figure 1 ). With CsI(TQ) in place of Nal(TQ) in the above interaction, 5620 electron-hole pairs were generated in the PD (Figure 7) . Note 
Discussion
The relative variance of the pulse-height distribution, which is a measure of spectral peak width of a traditional system consisting of a scintillating crystal coupled to a PMT, can be written as a sum of three components. It has been shown that in the gamma energy region of E >450 keV the intrinsic crystal resolution VI exerts the dominant effect on spectral energy resolution of a Ptf-based system.14,15 Our experimental data indicate that this is also true of photodetector-scintillator devices in this energy region. Thus, it may be possible to obtain slightly better energy resolution with a PD rather than with a PMT coupled to the scintillator, due to the virtual lack of spread in gain and better quantum efficiency of the PD. Indeed, we have observed this with a HgI2 PD coupled to a CsI(TQ) scintillator ( Figure 5 ). The 9.3% resolution obtained is less than the specified resolution of the commercial scintillator used, 10.4%.
Our results indicate that a better spectral energy resolution is obtained with a CsI(TQ) scintillator rather than an NaI(TT) scintillator coupled to an HgI2 photodetector, at the same incident gamma energy. Normally, better resolution would be expected with an NaI(TQ) scintillator, since the light output from CsI(T9) at a given gamma energy is only 45% that of NaI(TQ). The authors believe a possible explanation I of the results involves the interaction of the scintillation light with the intrinsic dead layer of the HgI2 photodetector. Noting the difference in the scintillation light wavelength of CsI(TR) and NaI(TQ), 560 nm versus 410 nm, it can be seen that the centroid of the light emitted by CsI(TZ) corresponds to the absorption edge of HgI2; thus the CsI(TQ) scintillation light has a greater depth penetration in HgI2 than that of NaI(T9). The spectra taken with CsI(TQ) asscintillator show better energy resolution due to the decreased influence of non-uniformity of the dead layer, thus compensating for the lesser light output of CsI(TQ).
The highest peak position in observed spectra that was obtained occurred immediately after applying bias voltage to the PD. In the first minutes after biasing, the spectrum shifted to lower energies before reaching a stable position required for measuring spectra. This effect was most pronounced for photodetectors with Pd entrance contacts and least pronounced for those with liquid contacts. Higher bias voltages helped reduce this effect. Distribution of the electric field near the entrance contact determines thickness of the dead layer and can affect overall performance of the device. Liquid contacts provided the strongest electric field for a given bias near the entrance surfaces. The influence of different materials on intrinsic dead layer effects will be a major subject in further investigations.
Conclusions
The currently used vapor growth technique, based on the periodic reversal of the temperature gradient between the source material and growing crystal, produces HgI2 crystals of up to 700 g, from which photodetectors of up to several square cm can be made. In this work, HgI2 photodetectors with active areas between 1.3 cm2 and 4 cm2 were matched with NaI(TQ) and CsI(TQ) scintillation crystals and were evaluated as gamma-radiation spectrometers. It was shown that electronic noise of such large area HgI2 PD's can be kept insignificantly small in comparison to the contribution of the scintillation crystal ("the intrinsic crystal resolution"), in the energy range E >511 keV. Furthermore, using HgI2 PD's made it possible to obtain superior energy resolution with respect to the PMT, as was demonstrated for a CsI(TQ) scintillator crystal coupled to an HgI2 PD. As a result, the need for further research of the dead layer effect in HgI2 PD's has become apparent, since this effect can degrade photodetector performance.
